In this paper, we study the acoustic black hole emerged from the nonextremal black D3-brane, based on the holographic approaches in constructing the acoustic black hole in asymptotically Anti de-Sitter spacetime (AAdS) and the effective hydrodynamic description of the nonextremal black D3-brane. We show that the holographic dual description of the acoustic black hole appeared on the timelike cutoff surface in the nonextremal black D3-brane also exist. The duality includes the dynamical connection between the acoustic black hole and the bulk gravity, a universal equation relating the Hawking-like temperature and the Hawking temperature, and a phonon/scalar channel quasinormal mode correspondence. * Electronic address: sunjiarui@mail.sysu.edu.cn † Electronic address: yuch8@mail2.sysu.edu.cn 2
I. INTRODUCTION
The analogy gravity is an interesting phenomena that usually appeared in nongravitational systems such as the normal nonrelativistic fluid [1, 2] , the superfluid [3, 4] , the Bose-Einstein condensate (BEC) [5, 6] , the optical fibers [7, 8] and the relativistic fluid [9] [10] [11] [12] etc, see the review article [13] for more examples. The typical features are the emergence of the curved geometry and the Hawking-like radiation, which resemble the curved spacetime and quantum effects in it. These properties are interesting in that they suggest possibilities to build analogous gravitational model in the laboratory to mimic the real gravity, say, a black hole or the universe. In addition, they may also indicate an emergent picture of the gravity [14] [15] [16] [17] . An obvious problem is that, although the analogy gravity exhibit many features like the real gravity, their underlying dynamics looks rather different with that of the gravity, i.e., the Einstein equation. For example, the dynamical equation which governs the fluid is the Navier-Stokes equation, the equation of motion governs the dynamics of the superfluid is the Gross-Pitaevskii equation and the fibre optics is characterized by the Maxwell equations. Therefore, the analogy gravity is mainly regarded as the model that analogous to the real gravitational systems since its discovery. Nevertheless, they still provide possibilities to test important phenomena of the real gravitational systems in the laboratory. Actually, experimental construction of the analogy gravity are realized in some cases recently, e.g., the measuring of the stimulated "Hawking radiation" in acoustic white hole in fluid [18] and the observation of selfamplifying "Hawking radiation" in analogous black hole in BEC [19] . Both experiments claimed the detection of the Hawking radiation. However, as mentioned above, without further dynamical connections between the analogy gravity and the real gravity, they can only be called the Hawkinglike radiation. An interesting question is, to what degree can the analogy gravity reflects the real gravity? Answering this question is important because it determines whether the analogy gravity is merely an analogy or not. In a recent paper [20] , the authors found that one of the analogous gravitational system-the acoustic black hole in normal fluid, can indeed be mapped to the real gravitational object-a black hole in asymptotically Anti-de Sitter (AAdS) spacetime from a holographic perspective. More specifically, the dynamical connection between the acoustic black hole and the AdS black hole, the connection between the Hawking-like temperature and the Hawking temperature, as well as the duality between the phonon propagating in the acoustic black hole and the scalar channel quasinormal mode propagating in the AdS black hole have been revealed for the first time. Based on this study, the acoustic black hole formed in fluid is no longer just an analogy, it really corresponds to a real black hole in a higher dimensional AdS spacetime. Furthermore, This finding gave strong support to the experimental efforts in making analogous gravitational systems in the laboratory. Other attempts in finding the relation between the analogy gravity and the real gravitational systems can be found in [21] [22] [23] [24] where the relationship between the acoustic metric and the black hole solution are analyzed in some examples.
As we have mentioned above, there are many other analogous gravitational systems apart from the class studied in [20] . In the present paper, we would like to study another interesting system, which is the acoustic black hole emerged from the black D3-brane in type IIB string theory. Unlike the AdS black hole, the black D3-brane (non-extremal case) is in the asymptotically flat spacetime in which the aspects of holographic duality is not so clear as the well-established AdS/CFT correspondence. However, it is shown that the non-extremal black D3-brane also behaves like a hydrodynamic system at the specific timelike cutoff surfaces in the low frequency and long wavelength limits [25] . Therefore, it is expected that the acoustic black hole appeared on the timelike cutoff surface has a gravity dual description. By applying the approaches developed in [20] we show that when an acoustic black hole forms in the fluid at the finite cutoff timelike surface in the black D3-brane, it corresponds to a real gravitational system in the asymptotically flat spacetime which is a perturbed black D3-brane, as expected. The mapping is built upon the matching between the dynamical equations governing the acoustic black hole and those determining the quasinormal mode in the bulk gravity.
The organization of the paper is as follows. In section II we briefly review basic properties of the black D3-brane and its effective hydrodynamic description. In section III we analyze the properties of the acoustic black hole which comes from the hydrodynamic system at the finite timelike cutoff surface and study its dual gravitational counterpart in the asymptotically flat spacetime. In section IV we show that the Hawking-like temperature of the acoustic black hole is connected to the Hawking temperature of the bulk black D3-brane. Furthermore, we obtain the field/operator duality relation between the phonon propagating in the acoustic black hole and the sound channel of the quasinormal mode in the bulk perturbed black D3-brane. Finally, we conclude in section V.
II. THE BLACK D3-BRANE AND ITS HYDRODYNAMIC DESCRIPTION
A. The black D3-brane solution
The black D3-brane is a black hole solution of the type IIB supergravity in 10-dimensional flat spacetime which is the low energy effective theory of the type IIB string theory, it has the form as [26] :
with
in which F [5] is the 5-form field strength associated with the Ramond-Ramond (R-R) 4-form field, * is the Hodge star, r ± are respectively the inner-and outer-horizon radius of the black D3-brane and they are related to the black brane R-R charge as
where G 10 is the 10-dimensional Newtonian coupling constant and κ 2 5 ≡ 8πG 10 /Ω 5 its reduced 5-dimensional counterpart. 
where v is the ingoing coordinate
Renaming {v, y i } ≡ x µ (µ = 0, 1, 2, 3) and further performing a Lorentz boost transformation with constant 4-velocity u µ results in a metric of the form:
where P µν = u µ u ν + η µν is the projecting operator. In addition, the Dirichlet boundary condition is adopted so that the induced metric ds 2 5 is flat on a time-like cut-off surface r = R, namely, a rescaling transformation of the coordinates is made
where ∆ ±R ≡ ∆ ± (R).
Further, from the effective theory on the world-sheet, the renormalized stress tensor on the cut-off surface r = R can be obtained as [25] T
where K µν is the extrinsic curvature of the hypersurface r = R and h µν the induced metric on r = R, which is flat η µν by construction. The stress tensor satisfies the conservation equation in that the explicit expression for T µν can also be written in a perfect fluid form
with the fluid energy density ǫ c and the fluid pressure p c being
It is straightforward to check that the Euler relation ǫ c + p c = T c s c is satisfied where the redshifted local temperature T c and the entropy density s on the cut-off surface are respectively
Besides, the first law of thermodynamics T c δs c = δǫ c is held, where the variation is acting on r + and since the R-R charge Q is fixed, so δr − = −r − δr + /r + .
C. Hydrodynamic fluctuations
Once having identified the leading-order effective hydrodynamic description to a perfect fluid living on the cut-off surface, one may now introduce hydrodynamic fluctuations by letting the 4-velocity u µ vary slowly from point to point, i.e. u(
µ will be finite but small with respect to the constant term u (0)
µ . Moreover, with ℓ 2 Q = r + r − and R both held fixed, only the horizon radius r + is allowed to fluctuate (just like the case of perturbing a neutral black hole), i.e. r + (x µ ) = r + ds (1) 2 5 + ...,
where ds
previously appeared in Eq. (7) now becomes a seed metric for calculating higher order corrections of the metric and the perturbed ds 2 5 is required to obey the Einstein equation on the worldsheet. Thanks to the symmetry of the cutoff surface, the first order correction can be classified into the tensor mode t, the vector mode v and scalar modes s 1 , s 2 , s 3 as
with the shear tensor σ µν = P µ α P ν β (∇ (α u β) − 1 3 θP αβ ), the expansion θ = ∇ µ u µ and the acceleration a µ = u ν ∇ ν u µ of the dual fluid. t, v, s 1 , s 2 and s 3 are functions depending on r, r + (thus on x µ ) and R. Their explicit expressions can be found in [25] .
Similarly, the leading-order stress tensor T (0) µν = ǫ c u µ u ν + p c P µν will no longer be solution to the conservation equation (see section below). Its first order correction term T (1) µν is expected to be a viscous stress tensor for a neutral fluid, i.e.,
where η c is the shear viscosity and ζ c is the bulk viscosity on the cutoff surface, they are
with s ≡ ℓ 16
Q
(1−Rc)(1−δe) 2 3δ e + 6R c + 2δ 2 e − 4δ e R c − 2δ 2 e R c , where ℓ 2 Q = r + r − has been held fixed, R c = ∆ +R is the parameter specifying the boundary's position, and the parameter δ e = ∆ − (r + ) characterize the extremality.
III. THE ACOUSTIC BLACK HOLE A. Bernoulli equation and continuity equation
In order to study the propagation of normal mode perturbations in the dual fluid, we will first separate the conservation equation ∇ µ T µν = 0 into the longitudinal part and the transverse part. The longitudinal part gives the continuity equation, which will in turn simplify into an acoustic metric, while the transverse part gives the Bernoulli equation, which will be a gauge fixing condition.
Following similar steps described in [10] for relativistic perfect fluid, we start by supposing the 4-velocity field to be irrotational, then the fluid velocity can be expressed as
which automatically satisfies u µ u µ = −1 and u ∧ du = 0, while the velocity potential ψ is uniquely defined up to a pre-factor. Since the Dirichlet boundary condition has been adopted, the indices can be raised or lowered with η µν safely.
Further using ∇ µ u ν = P α ν ∇µ∇αψ ∇ψ , a µ = u ν ∇ ν u µ = −P µ α ∇ α log ∇ψ , where ∇ψ ≡ √ −∇ ν ψ∇ ν ψ, then the conservation equation projected along the transverse direction simplifies as (for convenience, we omit the subscript of p c and ǫ c throughout the rest of the paper)
Note that for any arbitrary scalar function f depending only on ψ, an equality P αλ ∇ α f (ψ) = 0 always holds. Hence Eq. (19) gives at leading order log ∇ψ − p 0 dp ǫ(p)
A change of variable ψ → ψ 0 exp −f (ψ ′ )dψ ′ can absorb the f (ψ) term, so as to obtain the general relativistic Bernoulli equation
Next, the longitudinal mode of the conservation equation
Introducing a reduced "particle number density" of the fluid
then Eq. (22) at leading order gives the continuity equation
B. Acoustic metric
Let us now linearize the fluid equations by adding infinitesimal normal mode perturbations as ψ =ψ + δψ, p =p + δp, ǫ =ǭ + δǫ and n =n + δn
Then Eq. (21) and Eq. (23) are linearized as:
where δp and δǫ are related through the speed of sound via c 2 s = δp δǫ and c s is [25] :
where R c = ∆ +R is the parameter specifying the boundary's position, and δ e = ∆ − (r + ) describes the deviation from extremality. Thus δn =n c 2 s δ ∇ψ ∇ψ = −n c 2 sū ν ∇ν δψ ∇ψ . Together with δu µ = P µν ∇ν δψ ∇ψ , the continuity equation (24) is finally linearized as (in the following, the bars are also neglected for convenience)
which is the equation of motion of a phonon propagating in a background acoustic metric:
In order to eliminate the off-diagonal terms, one defines a new time coordinate dτ = dx 0 +
IV. ON THE BULK/BOUNDARY DUALITY A. Connection between the dynamics
Now we will analyze the dynamical connection between the above acoustic black hole and the bulk black D3-brane. Using the Codazzi equation
where the bulk 5-dimensional Ricci tensor 
where the equations on the left hand side govern the dynamics of the phonon eq.(28) and hence determine the acoustic geometry eq.(29). While the equations on the right hand side describe the quasinormal excitations in the bulk gravity.
B. Temperature of sound horizon vs. temperature of real black hole
Without loss of generality, we can choose the coordinates to make the fluid flowing along the
then the acoustic metric is simplified into
where index a and b run in x 1 and x 2 , and there is a SO(2) symmetry on the x 1 − x 2 plane. A coordinate singularity will appear where the velocity u µ grows slowly and reaches a critical value.
As we already stated in section II C, the non-uniform behaviour of u µ modifies the bulk metric via back-reaction, creating the higher order dissipative terms in the stress tensor. Infinitesimal perturbations made to those terms would produce the quasi-normal modes that will be discussed in the next subsection. For instance, we will focus on thermodynamic properties as seen by the sound normal modes, i.e. by phonons on the cut-off surface.
The horizon temperature near the singularity u 2 0 =
But this sound horizon is not always present, it requires 1 − c 2 s > 0. By examining the expression of the speed of sound c s (eq.(27)), we noticed the following:
• In the limit R → ∞, i.e. R c → 1, c 2 s simplifies to 2−3δe 6−δe , which monotonically decreases from • On the contrary, in the limit R → r + , i.e. R c → 0, the cut-off surface approaches the outer horizon. If the black brane is non-extremal, i.e. δ e = 0, then c 2 s diverges, assuring the stability of the fluid, while forbidding the formation of a sound horizon. The reason why the system becomes non-relativistic may be as the following. By imposing Dirichlet boundary condition at r = R, there'll be less 'room' for fluctuations between the cut-off surface and the horizon, thus it 'rigidifies' the system [25] .
• The last case is to take both δ e and R c to 0, while the ratio . Again, the fluid will always be stable, whereas the condition of sound horizon formation c 2 s < 1 turns out to be One of the novel and key findings in [20] was that the Hawking-like temperature of the acoustic black hole is really connected to the Hawking temperature of a real black hole. Next, we will analyze the relation between the Hawking temperature T c and the temperature T sh of the sound horizon via the term ∂ z ln r + .
In order to relate the velocity gradient in T sh = √ 1−c 2 s 2π |∂ z u z | to the radius gradient ∂ z r + , we'll use the relation ∇ µ ln s c = θu µ − c −2 s a µ . In the present case, θ = ∂ z u z , a z = u z ∂ z u z , so that
. Check Eq. (11) for the explicit value of the entropy density s c and the Hawking temperature T c , then we have:
First, we step back a little and notice immediately that when the cut-off surface r = R recedes to infinity, c 2 s → 2−3δe 6−δe , an equality holds at that limit:
Later, a complete calculation shows that the quotient of 
which is independent of the position of the cut-off surface R and the extremality parameter δ e (thus the R-R charge). This is different from the situation in the asymptotically AdS spacetime in which the eq.(39) only holds at the AdS boundary.
C. Sound mode vs. scalar quasi-normal mode
Recall that the hydrodynamic fluctuations u
µ on the boundary create a back-reaction ds
5 in the bulk Eq. (14) . Further performing the quasinormal mode perturbation to the hydrodynamically perturbed black D3-brane geometry eq. (12), one obtains the bulk quasinormal modes. It was shown in [20] that there is a phonon/scalar quasinormal mode duality. In the present case, we have
where the variation δ is acting on r + . They are the only non-zero components of δg Then by using the entropy relation ∇ µ ln s c = θu µ −c −2 s a µ , we can also find the connection between the sound mode Z c and the phonon δψ propagating in the acoustic black hole via the following equation ( 6 δ e − 3 ∆ −R + 2)(∂ µ ln r + ) + ∂ µ P µν ∂ ν δψ ∇ψ = −(
which is the phonon/scalar quasinormal mode duality in the black D3-brane.
V. CONCLUSIONS
In this paper, we studied a new analogous gravitational system, namely, the acoustic black hole appeared in the nonextremal black D3-brane in type IIB string theory. Although the nonextremal black D3-brane is in asymptotically flat spacetime, it also can be described as a hydrodynamic system in the low frequency and long wavelength limits, like the fluid/gravity duality in the AAdS.
Using the methods in [20] , we showed that the acoustic black hole emerged on the timelike cutoff surface in this system also has a gravity dual, which is a hydrodynamically perturbed black D3-brane in the bulk. Based on the connection between the dynamics of the acoustic black hole and the bulk gravity, we found a universal relation between the Hawking-like temperature and the Hawking temperature. Besides, we found the field/operator duality relation, i.e., the phonon/scalar channel quasinormal mode duality still held in this flat spacetime case. Our results not only extended the applicability of the methods in [20] into a flat spacetime holography, but also revealed new information about the black D3-brane in the hydrodynamic limit, namely, the acoustic black hole can be used to describe the quasinormal modes fluctuations of the hydrodynamically perturbed black D3-brane. It would be interesting to study the entanglement entropy of the acoustic black hole and find its gravity dual description in the bulk black D3-brane, which may give more information about their dynamic connections.
